The phenomenon of black-odor urban rivers with rapid urbanization has attracted extensive attention. In this study, we investigated the water quality and composition of sediment-associated bacteria communities in three remediation stages (before remediation, 30 days after remediation, and 90 days after remediation) based on the in situ remediation using comprehensive measures (physical, chemical, and biological measures). The results show that the overlying water quality was notably improved after in situ remediation, while the diversity and richness of sediment-associated bacterial communities decreased. A growing trend of some dominant genus was observed following the remediation of a black-odor river, such as Halomonas, Pseudomonas, Decarbonamis, Leptolina, Longilina, Caldiseericum, Smithella, Mesotoga, Truepera, and Ralstonia, which play an important role in the removal of nitrogen, organic pollutants and hydrogen sulfide (H 2 S) during the sediment remediation. Redundancy analysis (RDA) showed that the bacterial community succession may accelerate the transformation of organic pollutants into inorganic salts in the sediment after in situ remediation. In a word, the water quality of the black-odor river was obviously improved after in situ remediation, and the bacterial community in the sediment notably changed, which determines the nutrients environment in the sediment.
community composition and physicochemical characteristics; and provide important support for improving water quality and eliminating black odor.
Materials and Methods

Sites and In Situ Remediation Description
Double Bridge River (DBR) is a black-odor urban river, located in Yangzhou, Jiangsu Province, East China, an urban river with total length of 2700 m and width of about 12 m. Representative river sections (about 1100 m) were selected for in situ remediation, with both ends blocked and cut off to reduce water exchange. In situ remediation of black-odor rivers adopts integrated remediation technology. Simply put, this technology includes, (1) physical measures: mechanical sediment loosening, intermittent aeration and add zeolite to provide a good carrier surface for the microorganisms; (2) chemical measures: CaO 2 and calcium nitrate addition to remove toxic and harmful pollutants and create a suitable growth and living environment for microorganisms; (3) biology measures: addition of microbial growth promoters to provide nutrients to microorganisms.
Sample Collection
Samples of overlying water and sediment were collected at three stages, namely before remediation (DBR1), 30 days after remediation (DBR2), and 90 days after remediation (DBR3). For each stage, three sampling sites, with intervals of 250-300 m, were set up along the river. Overlying water was collected under the surface of river (0.5 m) and sediment was collected from the depth of 0-20 cm below the river bottom. The sample was transferred to sterile container and immediately returned to the laboratory. Subsequently, overlying water samples are immediately measured, and sediment samples were stored at −80 • C until physicochemical tests and DNA extraction.
Analysis of Physicochemical Parameters
Physicochemical parameters of overlying water, including ammonium, TN, total phosphorus (TP), and COD, were determined according to the method described by the State Environmental Protection Administration of China [25] . Briefly, ammonium was determined by Nessler's reagent spectrophotometric method; TN was detected by UV spectrophotometric method; TP was detected by the ammonium molybdate spectrophotometric method; COD was detected by the potassium permanganate oxidation method. In addition, available P, TP, ammonium, TN, nitrate, organic matter (OM), and sulfate of sediments were also determined using standard methods, as described by Lu [26] . Available P and TP was determined by Mo-Sb anti spectrophotometric method; ammonium was determined by indophenol blue colorimetry; TN was determined by Kjeldahl method; nitrate was determined by UV spectrophotometric method; OM was detected by high temperature external thermal potassium dichromate oxidation-volumetric method; sulfate was determined by barium sulfate turbidimetry. Samples were analyzed in triplicate.
DNA Extraction and Illumina Miseq Sequencing
DNA was extracted from 0.5 g of sediment using the Power-Soil TM DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. DNA extracts were stored at −20 • C. Bacterial communities were measured by the Illumina Miseq System by Personal Biotechnology Co., Ltd. (Shanghai, China). The 16S rRNA genes were amplified using the following universal primer set: 515f (5 -GTGCCAGCMGCCGCGGTAA-3 ) and 907r (5 -CCGTCAATTCMTTTRAGTTT-3 ) primer set fused with an index sequenece. A 25 µL reaction mixture contained 5 µL 5 × reaction buffer, 5 µL 5 × GC buffer, 2 µL dNTP (2.5 mM), 1 µL of each primer (10 µM), 10 ng template DNA, 0.25 µL Q5 ® High-Fidelity DNA Polymerase (NEB), and ddH 2 O was supplemented to 25 µL. The temperature cycle consisted of 98 • C for 1 min, followed by 30 cycles 
Bioinformatics Analysis
The raw data sequence obtained from Illumina MiSeq sequencing were analyzed using the QIIME software (version 1.8.0, http://qiime.org/) [27] . Firstly, we deleted the low quality or ambiguous sequencing reads (reads with lengths <150 bp, ambiguous bases N, 5 prime mismatch, >8 contiguous same bases, or average base accuracy <99%). Subsequently, the USEARCH tool (v5.2.236, http: //www.drive5.com/usearch/) was used to check and eliminate chimeric sequences. The high-quality sequences were clustered into Optical Transform Units (OTUs) at 97% distance sequence similarity. To ensure the reliability and accuracy of the results, OTUs with an abundance <0.001% of the total number of sequences were removed [28] . Subsequently, the sequence with the highest abundance per OTU, which is selected as the representative sequence of the OTU, was compared to the sequences in the Silva database (Release115, http://www.arb-silva.de) to obtain taxonomic information corresponding to each OTU. The rarefaction curves of Shannon, Chao1 and observed species were calculated using QIIME.
Statistical Analyses
Collected data were subjected to analysis of variance (ANOVA) using SPSS 18.0 (Chicago, IL, USA). Differences between stages were tested via analysis of variance with Duncan's multiple range test. The significance level was set to p < 0.05. RDA was performed to analyze the relationship between physicochemical parameters and bacteria community, dominant genera in the sediment using the statistical program Canoco for Windows (version 4.5, Wageningen, The Netherlands).
Results
Physicochemical Parameters of the Overlying Water and Sediment among Different Restoration Stages
During the early stages of restoration from DBR1 to DBR2, all parameters in the water were significantly reduced, such as ammonium decreased from 2.5 mg/L to 1.2 mg/L, TN decreased from 19.5 mg/L to 2.1 mg/L, TP decreased from 11.3 mg/L to 0.3 mg/L, and COD decreased from 173.7 mg/L to 24.1 mg/L ( Figure 1 ). In addition, ammonium in the water increased significantly from DBR2 to DBR3, but it was still lower than the content of ammonium in water before remediation. The physicochemical properties of the sediment also changed significantly with the remediation of black-odor water. Available P, TP, ammonium, TN, nitrate, OM, and sulfate in DBR1 were significantly lower than DBR2 and DBR3, of which TP, nitrate, TN, OM and sulfate significantly decreased from DBR2 to DBR3.
Rarefaction Curves of Bacteria among Different Restoration Stages
The rarefaction curves of Chao1 estimator, Shannon index and observed species were used to estimate and compare bacterial diversity and richness among different restoration stages ( Figure 2 ). All rarefaction curves tended to be smooth, indicating that the diversity and richness of sequences derived in this study were sufficient to characterize bacterial species in each sample. Black-odor river remediation reduced the Shannon index, Chao1 estimator and observed species. Specifically, the Shannon index of DBR2 and DBR3 decreased from 9.6 in DBR1 to 6.8 and 6.0, respectively. Correspondingly, the Chao1 index decreased from 1996 to 1281 and 1071, respectively; the observed species decreased from 1768 to 1040 and 883, respectively.
19.5 mg/L to 2.1 mg/L, TP decreased from 11.3 mg/L to 0.3 mg/L, and COD decreased from 173.7 mg/L to 24.1 mg/L ( Figure 1 ). In addition, ammonium in the water increased significantly from DBR2 to DBR3, but it was still lower than the content of ammonium in water before remediation. The physicochemical properties of the sediment also changed significantly with the remediation of black-odor water. Available P, TP, ammonium, TN, nitrate, OM, and sulfate in DBR1 were significantly lower than DBR2 and DBR3, of which TP, nitrate, TN, OM and sulfate significantly decreased from DBR2 to DBR3. 
The rarefaction curves of Chao1 estimator, Shannon index and observed species were used to estimate and compare bacterial diversity and richness among different restoration stages ( Figure 2 ). All rarefaction curves tended to be smooth, indicating that the diversity and richness of sequences derived in this study were sufficient to characterize bacterial species in each sample. Black-odor river remediation reduced the Shannon index, Chao1 estimator and observed species. Specifically, the Shannon index of DBR2 and DBR3 decreased from 9.6 in DBR1 to 6.8 and 6.0, respectively. Correspondingly, the Chao1 index decreased from 1996 to 1281 and 1071, respectively; the observed species decreased from 1768 to 1040 and 883, respectively. 
Microbial Community Composition among Different Restoration Stages
Among the 44 phyla detected in all samples, the most predominate was Proteobacteria, accounting for 47.7 to 77.7% of the total sequences ( Figure 3) . Chloroflexi, Acidobacteria, and Actinobacteria were the subdominant groups, which occupied 7.9-19.2%, 1.0-8.8%, and 1.8-8.3% of the assigned sequences, respectively. These four dominant phyla accounted for more than 83.2% of the total classified sequences. Proteobacteria, which consists mainly of 4 classes, such as Gammaproteobacteria (27.1-70.2%), Alphaproteobacteria (0.9-9.1%), Betaproteobacteria (2.1-6.8%), and Deltaproteobacteria (3.6-4.7%), its proportion in the bacterial community increased significantly with the remediation of the black-odor river, but the reverse is true for Chloroflexi (predominate Anaerolineae), Acidobacteria, and Actinobacteria. 
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Discussion
The results show that ammonium, TN, TP, and COD of the overlying water decrease to different degrees during the in situ remediation (Figure 1) , indicating that the in situ remediation significantly improved the water quality of the black-odor river, which is consistent with previous studies [10, 13, 16] . However, nutrients, TN, TP and OM in the sediment showed an increasing trend (Figure 1) . The reason for this phenomenon is that the oxidation reduction potential, carbon sources and growth factors of microorganisms increased in the sediment due to the in situ remediation, thus improving the activity of microorganisms and promoting the decomposition of organic pollutants in the sediment. In addition, we also found that TN and TP in the sediment were negatively correlated with those in the overlying water, which is disagree with Zhang et al. study [24] . The reason for this difference may be that the addition of zeolite, CaO 2 and calcium nitrate inhibited the release of N and P in the sediment during the remediation.
Microorganisms are the main driving force of pollutant degradation in the sediment, and vary with the environment [23, 29] . Therefore, it is necessary to study the composition succession of sediment-associated bacterial communities during the remediation of urban black-odor rivers. Previous study demonstrated that the diversity of bacteria in the sediment exhibited a downward trend with the improvement of urban rivers [5] . This result was also confirmed in this study, which showed that the diversity and richness of sediment-associated bacterial decreased significantly after in situ remediation of the black-odor river (Figure 2 ). This may be because the dissolved oxygen in the sediment increased after in situ remediation, resulting in an increase of facultative and aerobic microorganisms and a decrease in obligate anaerobic microbes. For example, the relative abundance of Halomonas and Pseudomonas increased continuously, and reaching 69.0%, while the relative abundance of Anaerolineae decreased from 13.9% to 7.1% (Figure 4) . Moreover, it is worth noting that the decrease of microbial diversity also weakens the stability of river ecosystem and the buffering capacity against the deterioration of microecology [30] . RDA showed that the sediment-associated bacterial community underwent significant changes during in situ remediation, and significant correlation with nutrients, TN, TP, and OM ( Figure 5A ), which may be because the remediation stimulates the reproduction of some microorganisms and enhanced the biochemical process in the sediment, thus increasing nutrients, TN, TP, OM. In other words, the composition of microbial communities determines the chemical properties of the sediment. 
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Microorganisms are the main driving force of pollutant degradation in the sediment, and vary with the environment [23, 29] . Therefore, it is necessary to study the composition succession of sediment-associated bacterial communities during the remediation of urban black-odor rivers. Previous study demonstrated that the diversity of bacteria in the sediment exhibited a downward trend with the improvement of urban rivers [5] . This result was also confirmed in this study, which showed that the diversity and richness of sediment-associated bacterial decreased significantly after in situ remediation of the black-odor river (Figure 2 ). This may be because the dissolved oxygen in the sediment increased after in situ remediation, resulting in an increase of facultative and aerobic microorganisms and a decrease in obligate anaerobic microbes. For example, the relative abundance of Halomonas and Pseudomonas increased continuously, and reaching 69.0%, while the relative abundance of Anaerolineae decreased from 13.9% to 7.1% (Figure 4 ). Moreover, it is worth noting that the decrease of microbial diversity also weakens the stability of river ecosystem and the buffering capacity against the deterioration of microecology [30] . RDA showed that the sediment-associated bacterial community underwent significant changes during in situ remediation, and significant correlation with nutrients, TN, TP, and OM ( Figure 5A ), which may be because the remediation stimulates the reproduction of some microorganisms and enhanced the biochemical process in the sediment, thus increasing nutrients, TN, TP, OM. In other words, the composition of microbial communities determines the chemical properties of the sediment. Proteobacteria, Chloroflexi, Acidobacteria, and Actinobacteria were the dominant phyla of the sediment-associated bacteria community in the black-odor river (Figure 3 ), which has also been confirmed in previous study [1] . In addition, the results also showed that the relative abundance of Proteobacteria increased significantly with the remediation of the black-odor river, especially Gammaproteobacteria. Gammaproteobacteria plays an important role in the circulation of C, N, S in aquatic environment [31, 32] . Chloroflexi show a high relative abundance in low oxygen environment [33] , while the proportion of Chloroflexi dominated by Anaerolineae class in bacterial community gradually decreased, indicating that dissolved oxygen in black-odor rivers increased with the remediation of sediment. Additionally, sediment remediation increases the nutrient content, which may be responsible for the relative abundance of Acidobacteria and Actinobacteria decreases [34, 35] .
Among the top 25 genera in abundance, Halomonas play a role in nitrogen removal and hydrocarbon degradation [36, 37] , Decarbonamis and Pseudomonas are considered denitrifying bacteria [37, 38] . Leptolinea, Longilinea and Caldisericum can perform anaerobic fermentation [39, 40] , Smithella and Mesotoga can degrade the fermentation products of organic matters [41] , Truepera has the ability to degrade phenanthrene [42] , Ralstonia plays an important role in the degradation of cellulose and hemicellulose [43] . The relative abundance of these organism increases following the river remediation, and is positively correlated with the content of nutrient of the sediment (Figures 4 and 5B ). This shows that the remediation of the black-odor river provides a good living environment for these denitrifying bacteria and hydrocarbon degrading bacteria. In turn, these organisms play an important role in removing N, H 2 S and organic matter in the sediment remediation process [15] . It is worth noting that the increase of organic pollution-degrading bacteria leads to an increase in the availability of nutrients in the sediments, and the weakening of the bacterial ecosystem to the external environment, which increases the risk of aquatic eutrophication [44] . Therefore, it is necessary to pay attention to the fixation and removal of N, P in the sediment in the later river maintenance.
Conclusions
After in situ remediation, the water quality of the black-odor river was improved, and the composition and function of sediment-associated bacterial communities changed significantly. Specifically, the contents of DOC, TP, TN and ammonium in the overlying water decreased significantly after restoration; as did the diversity and richness of sediment bacteria decreased. Among the dominant phyla, the relative abundance of Proteobacteria increased significantly, and reaching 77.7%, while the reverse is true for Chloroflexi, Acidobacteria, and Actinobacteria. The dominant genera, Halomonas, Pseudomonas, Decarbonamis, Leptolinea, Longilinea, Caldisericum, Smithella, Mesotoga, Truepera, and Ralstonia gradually increased during in situ remediation, playing an important role in the removal of N, H 2 S and organic matter in the sediment. In addition, RDA showed that the bacterial community in the sediment dominated the formation of nutrient environments.
